We characterized insulin receptors on a human lymphoblastoid cell line (IM-9) and studied their regulation using anti-receptor antibodies and fluorescence flow cytometry. The fluorescence intensity distribution of insulin receptors on cells was determined by incubating the cells with one of three different anti-receptor antisera (human serum B-9 containing polyclonal autoantibodies, serum from a rabbit with polyclonal antibodies, and a monoclonal antibody to the receptor produced in mouse hybridomas), followed by incubation with an appropriate fluorescein isothiocyanate-labeled second antibody and analysis on an Epics-V flow cytometer. however, the human anti-receptor antisera B-2 and B-9 inhibited the binding of the monoclonal anti-receptor antibody by about 50%, suggesting that these antisera contained autoantibodies directed at the monoclonal antibody binding site. These data indicate that insulin receptors can be regulated by both insulin and anti-receptor antibody and demonstrate the utility of immunofluorescence and flow cytometry as a tool for the study of the insulin receptor.
fluorescence. In all cases, receptors were lost proportionally from all cells, yielding a single symmetrical peak by fluorescence analysis. Exposure of IM-9 cells to anti-receptor antibodies at 370C for 16 hr also produced a down-regulation in the number of insulin receptors. Incubation with human antiserum B-9 caused a 95% loss of both 2.51-insulin binding and peak fluorescence, while the monoclonal antibody resulted in a 50% loss of receptors. Incubation of cells with anti-receptor antibodies for 2 hr at 40C did not produce any receptor loss; however, the human anti-receptor antisera B-2 and B-9 inhibited the binding of the monoclonal anti-receptor antibody by about 50%, suggesting that these antisera contained autoantibodies directed at the monoclonal antibody binding site. These data indicate that insulin receptors can be regulated by both insulin and anti-receptor antibody and demonstrate the utility of immunofluorescence and flow cytometry as a tool for the study of the insulin receptor.
The first step in the action of insulin is binding to a specific glycoprotein receptor on the surface of cells. The primary approach for characterization of the insulin receptor has been through the study of its interaction with 125I-labeled insulin (125I-insulin) (1, 2) . Antibodies to the insulin receptor also have provided experimental probes of receptor structure and function (3) . Anti-insulin-receptor antibodies were initially detected in the sera of patients with a rare form of insulin-resistant diabetes (4), although subsequently it has been possible to raise such antibodies in rabbits and mice by immunization with partially purified receptor (5) and even to produce monoclonal antibodies to the insulin receptor (6, 7) . In addition to binding to the receptor, many of these antibodies block insulin binding (8) and mimic many of insulin's biological effects (9) .
The use of fluorescence probes to study insulin receptors or action has been limited. Murphy et al. studied the binding and internalization of a fluorescein derivative of insulin to Swiss 3T3 cells by flow cytometry (10, 11) . Fluorescein has been coupled to insulin directly or via ovalbumin; using these ligands, Schlessinger et al. have shown that insulin receptors undergo patch-and-cap formation at 370C (12) . Subsequently, it was shown that fluorescently-labeled anti-receptor antibody cocapped with the rhodamine-coupled insulin (12) and that the rhodamine-insulin-receptor complex was internalized and degraded (13) .
In the present study, we used fluorescence flow cytometry for identification of insulin receptors and for studying their turnover. Using this technique, we have been able to study (i) the expression of receptors and their regulation by insulin, (ii) compare the effects of acute and chronic exposure of target cells to antibodies directed against insulin receptors, (iii) demonstrate shared antigenic determinants between polyclonal human autoantibodies to the insulin receptor and the monoclonal anti-receptor antibody, and (iv) study the effects of enzyme treatment on the binding of antibodies to the receptor.
MATERIALS AND METHODS
Antisera and Cultured Cells. Three types of anti-receptor antisera were used in these studies: (0 human sera containing naturally occurring polyclonal autoantibodies to the insulin receptor [these are numbered as described (3)]; (ii) a rabbit polyclonal antiserum (410) raised to insulin receptor purified from rat liver membranes (5); and (iii) a monoclonal antibody (IR-1) raised to insulin receptors purified from human placenta and obtained from the hybridoma cells grown as ascites tumQrs in mice (7) . Fluorescein-conjugated goat anti-human IgG, rabbit IgG, or mouse IgG were purchased from Cappel Laboratories (Cochranville, PA).
IM-9 cells are a human lymphoblastoid cell line that has been extensively utilized for the study of insulin receptors (14) . These cells were maintained at 370C in RPMI 1640 medium supplemented with 10% fetal calf serum.
Treatment of Cells with Proteolytic and Glycosidic Enzymes. Trypsin (24 binding to lymphoid cells was measured at 15'C by using a tracer size of 0.1 ng/ml as described (15) . In experiments in which receptor regulation was studied by preincubating the cells with either insulin or anti-receptor antibody, a wash procedure was used to remove insulin or anti-receptor antibody before the binding or immunofluorescence assay. The wash procedure for insulin was by the method described by Kosmakos and Roth (16) , and the acid wash procedure to remove anti-receptor antibodies was used as described by Taylor and Marcus-Samuels (15) .
Immunofluorescent Analysis. Cultured cells were washed twice in cold RPMI 1640 medium without serum. The cell pellet was resuspended in cold RPMI 1640 medium supplemented with 1% bovine serum albumin to a concentration of Characterization of the Insulin Receptor in IM-9 Cells by Indirect Immunofluorescence. The fluorescence intensity distribution of insulin receptors on IM-9 cells, a human lymphoblastoid cell line, was determined by incubating the cells with either human anti-receptor antibodies (B-9), rabbit antisera to the insulin receptor (410), or mouse ascites fluid containing monoclonal antibodies to the insulin receptor (IR-1) (Fig. 1 ). All three anti-receptor antibodies specifically labeled insulin receptors. In all cases, mean peak fluorescence of the cells treated with the anti-receptor antibodies was at least 3-4 times higher than the peak fluorescence of the cells incubated with nonimmune control sera. The monoclonal anti-receptor antibody showed the greatest specific labeling (about 7 times higher fluorescence than the negative control). Specific fluorescence could be detected with the monoclonal and B-9 antibodies even in a 1:1000 dilution (data not shown). The human nonimmune control sera gave a relatively high level of nonspecific fluorescence, probably because it contains antibodies against human cell surface antigens.
Preincubation with the human autoantibodies to the insu- maximal peak fluorescence and maximal inhibition of 1251_ insulin binding was observed at the 1:100 dilution. The rabbit polyclonal antiserum and mouse monoclonal antibody do not inhibit insulin binding (5, 7) .
Effect of Insulin Down-regulation on the Immunofluorescence and 1251-Insulin Binding. Exposure of IM-9 lymphocytes to insulin has been shown to result in a time and concentration reduction in the number of insulin receptors as measured by 1251-insulin binding (14, 16) . This has been termed down-regulation. Fig. 2 Acute Blocking and Chronic Down-regulation of Receptors on IM-9 Cells by Anti-receptor Antibodies. Autoantibodies to the insulin receptor block insulin binding and mimic many effects of insulin (9) . To determine if these antibodies could block the binding of the monoclonal antibody or down-regulate the insulin receptor, IM-9 cells were incubated with various anti-receptor antibodies for 2 hr at 4TC or 16 hr at 370C, washed, and then analyzed by flow cytometry. The cell wash was performed either at pH 3.5 to dissociate anti-receptor antibodies from the cell surface or at pH 7.8-a condition that will remove only those antibodies and other serum factors loosely bound to the cell surface. When the cells were preincubated with the monoclonal anti-receptor antibody for 2 hr at 4TC, neither the binding of insulin nor of a subsequent addition of monoclonal antibody was affected (Fig. 4) . In contrast, when the cells were preincubated with the human serum B-9 containing autoantibodies to the receptor for 2 hr at 4TC and subjected to a neutral wash, the binding of the monoclonal anti-receptor antibodies, as well as of I-insulin, was reduced by -50%, suggesting that this polyclonal antiserum contained antibodies directed at both the insulin binding site and the antigenic domain recognized by the monoclonal antibody.
Preincubation of cells with other human sera containing autoantibodies to the insulin receptor for 2 hr at 4°C reduced the binding of the monoclonal anti-receptor antibody to a variable degree (Fig. 5) . Preincubation with human serum B-2 reduced monoclonal antibody binding by 70%, whereas normal serum resulted in only a 15% reduction. Other antireceptor sera produced a decrease in monoclonal anti-receptor antibody binding by only 15-30%. Inhibition by most sera was completely reversible, with an acid wash designed to remove surface IgG. With sera B-2 and B-9, there was still (Fig. 6) . The inhibition in peak fluorescence with the monoclonal antibodies was even greater (70-90%). of IM-9 cells to the human anti-receptor antiserum B-9 resulted in 90% loss of 125I-insulin and monoclonal anti-receptor antibody binding. There was no difference between the cells subjected to the neutral and acid wash, suggesting that the decrease in binding of insulin and antibodies was a reflection of true receptor loss and not simply a blockade of binding. DISCUSSION Autoimmune (4) and xenogeneic (5) polyclonal antisera to the insulin receptor, as well as the more recently produced monoclonal antibodies (6, 7), have provided useful tools for purifying insulin receptors and studying several of their properties. These different types of anti-receptor antibodies, however, exhibit different properties. The polyclonal antireceptor antibodies have little tissue or species specificity, whereas the monoclonal antibodies, thus far available, exhibit strong species specificity and some tissue specificity. The human autoantibodies to the insulin receptor inhibit insulin binding, immunoprecipitate solubilized receptors, and mimic many of the actions of insulin (17), whereas both the polyclonal rabbit antiserum to insulin receptor and the monoclonal antibody (IR-1) immunoprecipitate the insulin receptor, but neither inhibits insulin binding, and only the polyclonal antibody mimics insulin action (5). These results suggest that those antibodies interact with the receptor at sites distinct from the insulin binding site.
In this study, we have characterized the insulin receptor on a human lymphocyte cell line (IM-9) and studied its regulation using anti-receptor antibodies and flow cytometry. All anti-receptor antibodies tested specifically labeled the insulin receptor in intact cells, indicating that all bound to extracellular domains on the receptor. The monoclonal anti-receptor antibody raised to human receptor showed the greatest specific labeling. The polyclonal antisera showed less specificity primarily because the nonimmune control sera gave relatively higher levels of fluorescence. In the case of the human sera, this might reflect the presence of antibodies against human cell surface antigens or immunoglobulin receptors on the surface of the cultured lymphocyte cell line, which could bind both nonimmune IgGs and the fluorescein isothiocyanate-labeled second antibody nonspecifically. The higher level specificity of the monoclonal anti-receptor antibody binding was also apparent by the high level of correlation between immunofluorescent labeling and 125I-insulin binding. At low levels of receptor, the human polyclonal antiserum exhibited somewhat higher binding, probably reflecting the presence of other antibodies in the sera, which continue to bind to cells in which insulin receptor content is low.
Previous studies have examined the effects of enzymatic treatment on insulin receptor binding and insulin biological responses (18) (19) (20) (21) (22) (23) . Insulin binding to IM-9 cells and adipocytes is lost after mild trypsin treatment; however, trypsin treatment has relatively little effect on the insulin-like activity of some anti-receptor antibodies (19) . In this study, we found that treatment with proteolytic enzymes produced a dose-dependent loss of 125I-insulin binding but had only a small effect on the binding of anti-receptor antibodies measured by indirect immunofluorescence. These results suggest that the monoclonal antibody (and most of the IgGs in the polyclonal antisera) recognize determinants on the receptor molecule that are distinct from those recognized by insulin and are less sensitive to trypsin. This is consistent with previous observations (i) that the monoclonal anti-receptor antibodies and rabbit polyclonal antibodies can immunoprecipitate the receptor but cannot inhibit 125I-insulin binding and (ii) that the human polyclonal antisera often show more insulin-like activity than can be accounted for by Cell Biology: Maron et aL their titer in binding-inhibition assays. Neuraminidase and f3-galactosidase treatment had little or no effect on 125I-insulin or antibody binding, suggesting that neither terminal sialic acid nor galactose residues is required for recognition by these ligands. Therefore, changes in the biological effect of insulin and anti-receptor antibody observed after treatment with glycosidic enzymes (9, 21) must reflect their activity elsewhere.
It has been demonstrated that the concentration of insulin receptors on cells is inversely related to the chronic level of insulin to which the cells are chronically exposed (14) . In vivo and in vitro studies have shown that up to 75% of the receptors can be lost in the presence of insulin (24) ; in IM-9 cells, this appears to be due to increased receptor degradation (16) . Antibodies directed against the insulin receptor have been shown to mimic the effect of insulin to down-regulate insulin receptors in IM-9 and 3T3 cells (15, 25, 26) ; however, in these and most other studies of receptor regulation, the only measure of receptor content has been insulin binding. In the current study, we down-regulated the insulin receptors on IM-9 cells by exposing them to insulin or to anti-receptor antibodies and analyzed the process by measuring immunoreactive receptors with the fluorescence flow cytometry technique. In general, there was a good correlation between percent binding of 125I-insulin and percent peak fluorescence in the cells down-regulated by either insulin or anti-receptor antibodies. Interestingly, although the monoclonal anti-receptor antibodies used were not able to inhibit insulin binding, they were able to down-regulate the insulin receptor by -50% at 370C in 16 hr. The human polyclonal autoantibodies were even more effective in regulation of the receptor. Thus, the human anti-receptor antibodies can produce insulin resistance by both blocking insulin binding and modulating insulin receptor number. A similar effect on receptor regulation has been observed with autoantibodies to the acetylcholine receptor (27) .
When cells were incubated with monoclonal anti-receptor antiserum at 40C for 2 hr, 125I-insulin binding and anti-receptor antibody peak fluorescence were not affected. In contrast, if the cells were incubated with the human B-9 autoantibodies for 2 hr at 40C, there was a masking effect that was partially reversible by the acid wash. 125I-insulin binding and peak immunofluorescence were reduced by about 30% in comparison to almost 100% inhibition when the cells are incubated for 16 hr at 370C. Most of this appears to be due to residual antibody on the cell; however, some down-regulation may occur, even at this low temperature and short time. Two additional features of down-regulation can be discerned using the fluorescence technique. First, since fluorescence is analyzed individually for each cell, it is possible to ask the question whether a 50% down-regulation of receptors represents a 50% loss of receptors from all cells or a 100% loss of receptors from only 50% of the cells. Analysis using the flow cytometer indicates that all cells are proportionally involved in the receptor loss process.
A second feature that can be studied uniquely with the immunofluorescence techniques is the question of whether the washing techniques, in fact, remove all of the surfacebound antibodies before the assay of receptor content is made and whether the antigenic determinants to which the monoclonal anti-receptor antibody is directed differ from those to which the human antisera are directed. Most of the human polyclonal antibodies share almost no antigenic determinants with the monoclonal antibodies; thus, these sera have little or no effect to block monoclonal antibody binding. The two highest-titer human antisera (B-9 and B-2) block almost 70% of the binding of the monoclonal antibodies, suggesting that they do contain antibodies that bind to a site at or near the site of binding of the monoclonal antireceptor antibody. We also found that some residual human anti-receptor antibodies persist on the cells, even after the acid-wash procedure, indicating the high affinity of their binding and the difficulty in completely removing such antibodies from cells.
In summary, insulin receptors can be identified by specific immunofluorescence and flow cytometry. The data indicate that this technique can provide a useful tool to aid in understanding the factors that control expression of insulin receptor and to study variation in expression of the receptor and the role of receptors in insulin action.
